Of the most commonly used calcium carbonate (CaCO 3 ) saturation indices, the Calcium Carbonate Precipitation Potential (CCPP) most accurately describes CaCO 3 precipitation and dissolution. This requirements cannot be met. By using OpenModelica, the developed package can be readily integrated into a Modelica model of, for example, a drinking water treatment plant. There, it can help to monitor legal and technical requirements, or to assess the dissolution capacity if neutralizing filters containing CaCO 3 are employed for pH adjustment.
INTRODUCTION Calcium carbonate precipitation potential
The Calcium Carbonate Precipitation Potential (CCPP) is represent CaCO 3 -undersaturated water, while negative D c values stand for CaCO 3 -oversaturated water. According to the TrinkwV, D c must not exceed 5 mg/L at the outlet of a water works (for a description of the rationale behind this limit value see Nissing & Johannsen () ). Even though no minimum limit value is defined, practice shows that, preferably, water close to saturation should be distributed, as extensive precipitation of CaCO 3 may cause disruptions in the distribution network and equipment (Nissing & Johannsen ).
The TrinkwV further specifies that D c is to be determined following the calculation method set out in the German standard DIN 38404-10 if the pH at the outlet is below 7.7 (water with a pH !7.7 is considered to meet the limit value for D c ). To simulate the effect of a specific treatment process (e.g. chlorination) on CaCO 3 precipitation or other output parameters of the programme, it is necessary to first identify how the regarded treatment process influences the programme's input parameters. This is different for each treatment process and has to be determined through measurements or models. Once the impact on the input parameters is known, the programme can be run and the process's effect on chemical speciation, pH, saturation index and CCPP evaluated. However, the developed programme can be extended to include the omitted species and reactions without any difficulties.
Determining concentration-based equilibrium constants (function Constants)
The function Constants calculates the concentration-based equilibrium constants Kc in mmol/L at the temperature T.
As input parameters, it requires the temperature T in C and the ionic strength IOS in mmol/L. Output parameters are the array Kc containing the eleven concentration-based equilibrium constants and the activity coefficient fH of H þ , which will be needed in the function EqConc to calculate the pH.
The function begins by calculating the decimal logarithm of the activity coefficients f of the considered species using the Debye-Hückel equation : 
tNa, tK, tCl, tNO 3 Total concentrations of calcium, magnesium, sulphate, sodium, potassium, chloride or nitrate, respectively mmol/L with A ¼ 1824300
where IOS is the ionic strength of the water in mmol/L; z(i)
is the charge of species i; g(i) is the ion size parameter of species i; DK is the dielectric constant of the water; TK is the temperature in K (TK ¼ T þ 273:15), and T is the temperature in C.
All considered species, their index i and their ion size parameter can be found on the right side of Table 3 . For uncharged species, lg( f(i)) is zero. The explicit activity coefficient is only calculated for H þ , as it will be needed in the function EqConc.
The equilibrium constants K considered in the programme are listed in Table 2 . They are defined based on the activities of the species involved in the respective reaction.
However, for subsequent calculations it is convenient to use concentration-based constants Kc. The conversion procedure will be demonstrated exemplary for [1] . In the following,
brackets [] signalize concentrations (besides identifying indices within arrays), while braces {} symbolize activities.
[1] is defined as:
The activity a of a species i is:
where c(i) is the concentration and f(i) the activity coefficient of the species (DIN 38404-10). Combining Equations (5) and (6), one obtains:
The left part of the right side of Equation (7) equals the Table 2 ). Besides, CO 2 has no charge, therefore f(CO 2 ) ¼ 1 and Equation (7) becomes:
which is equal to: Table 2 :
with
The value used for the universal gas constant R is The total carbon concentration tC is the sum of the concentrations of all species containing carbon and equals the sum of total alkalinity and CO 2 -acidity (cf. Table 1) :
Using the concentration-based constants Kc, Equation (13) can also be expressed as follows: 
they both increase with increasing pH (and decrease with decreasing pH), the iteration pH of the next iteration step must be raised, which is realised by setting the lower boundary pH (pHmin) to pHit. If, on the other hand, zero is beneath 0, the higher boundary pH (pHmax) is altered instead. This procedure is also known as the bisection method. For the (unlikely but possible) case that zero is exactly 0, pHit is the sought pH and both boundary pH values can be set to pHit. After each iteration step, the absolute difference between upper and lower boundary pH is evaluated. If it reaches the desired precision (here 10 À6 ), the while-loop is exited and the sought equilibrium pH (pHcal) is set to pHit of the last iteration step. Note that, to enhance robustness, iteration has been limited to a pH range between 0 and 14. As this programme is developed for applications in drinking water treatment, this should not cause any problems.
Subsequently, the saturation index SI is determined by calling the function FunctSI, which calculates SI according to DIN 38404-10 via: 
Determining the CCPP (function CCPP_Alk_Aci)
The function CCPP_Alk_Aci finally determines the CCPP of the examined water. For this purpose, it needs the same input variables as the function pH_Alk_Aci (T , IOS, Alk, Aci, tCa, tMg, tSO 4 , tNa, tK, tCl and tNO 3 ). Aside from the CCPP, it also outputs pH C, the pH of saturation with
CaCO 3 . Figure 2 shows the flowchart for CCPP_Alk_Aci.
There is no way to directly calculate the CCPP. Therefore, CaCO 3 precipitation has to be simulated by iteratively withdrawing virtual amounts of CaCO 3 from the water until saturation is reached. This virtual withdrawal is realised by altering given water parameters to the way they would react to precipitation of CaCO 3 . For precipitation of X mmol/L of CaCO 3 , alterations are as follows:
• IOS decreases by 4 Á X, as both CO 3 2À and Ca 2þ contribute to the ionic strength with two times their concentration (cf. Equation (23)),
• Alk decreases by 2 Á X, because CO 3 2À contributes to it with two times its concentration (cf. • Aci increases by X, because CO 3 2À counteracts CO 2 -acidity with one time its concentration (cf. Table 1) , and
• tCa decreases by X, as 1 mol of CaCO 3 contains the same amount of calcium.
The actual implementation of CCPP_Alk_Aci is similar to pH_Alk_Aci. Iteration is again realised through a whileloop, but this time with CCPPit as iteration variable.
Inside the loop, the function pH_Alk_Aci is called. Here it is crucial to alter the input parameters using CCPPit as 4, 7, 9) are included in this study. Table 4 Table 2 . In the simplified model, they are calculated using the formulas provided by Ball & Nordstrom () . To calculate activity coefficients, the following simpler version of the Debye-Hückel equation is used:
and, when calculating SI, it is presumed that all alkalinity stems from HCO 3 À .
Values and results of the three calculation methods are presented in concentrations listed in Table 1 are known, but IOS is assessable, for example through the electrical conductivity.
CONCLUSIONS
This work has shown how to programme calculation of species concentrations, pH, CaCO 3 saturation and the CCPP using OpenModelica. The advantage of using OpenModelica is that the developed package can easily be integrated into the model of, for example, a drinking water treatment plant, where it can be employed, for example, to estimate whether water leaving the plant meets the required CCPP, or to assess how much CaCO 3 dissolves if neutralizing filters containing calcium carbonate are employed to adjust the pH of the water.
The described approach adheres closely to the principles established in DIN 38404-10 and, as proven by comparison to six example waters, its results for the CCPP of phosphate-free waters nearly reach the degree of accuracy stipulated by the standard -a degree that cannot be met when neglecting ion pairs and complex formation.
